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• Solves conservation equations at each grid-point and time-step:

Parallel Ocean Program (POP)

conservation of mass for incompressible fluid

conservation of momentum

advection diffusion

advection diffusionCoriolis pressure
gradient

conservation of tracers (temperature, salinity)
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POP: 0.1º resolution, speed
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IPCC - Intergovernmental Panel
on Climate Change

 Created in 1988 by
• World Meteorological Organization (WMO)
• United Nations Environment Programme (UNEP)

 Role of IPCC: document the scientific consensus of:
• the scientific basis of risk of human-induced climate change
• its potential impacts and
• options for adaptation and mitigation.

 Main activity: Assessment reports
• Third Assessment Report: 2001
• Fourth Assessment Report: 2007





IPCC scenarios of future emissions

B2A2
2: continuously increasing

population

B1
A1FI: fossil intensive
A1T: non-fossil intensive
A1B: balance of F&T

1: global population levels
off, declines after 2050

B: faster conversion
to clean & efficient
technologies

A: slower conversion to
clean & efficient
technologies

IS92a: business as usual (extrapolation from current rates of increase)
economic
models

carbon
cycle

models



B2A2
2: continuously

increasing
population

B1

A1FI: fossil intensive
A1T: non-fossil
intensive
A1B: balance of F&T

1: global population
levels off,
declines after
2050

B: faster conversion
to clean & efficient
technologies

A: slower conversion to
clean & efficient
technologies

economic
models

carbon
cycle

models

scenarios CO2 emissions CO2 concentration

ensemble of
climate models

Temperature change
scenario A2

 average of
ensemble

Final product



TAR
p.545

Ensemble mean: Regional temperature changes

color shading: ensemble mean
change of temperature,
2071 to 2100 mean
relative to
1960 to 1990 mean

scenario A2

blue lines: range of
temperature change
within ensemble

temperature change, ºC

central US:
5ºC (9ºF)
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IPCC 2001: Estimates of confidence
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Parallel Ocean Program (POP)
Resolution is costly, but critical to the physics

Climate simulations
• low resolution: 1 deg (100 km)
• long duration: 100s of years
• fully coupled to atmosphere, etc.

Eddy-resolving sim.
• high resolution: 0.1 deg (10 km)
• short duration: 50-100 years
• ocean only

Potential temperature
0.8º x 0.8º grid

Potential temperature
0.1º x 0.1º grid

Rossby Radius
of deformation



Satellite observation ofSatellite observation of
sea surfacesea surface  temperaturetemperature



What do you get with higher resolution?0.8º0.8º

0.4º0.4º

0.2º0.2º

0.1º0.1º

Small-scale turbulence and eddies
transport energy and heat.

These become more realistic
with higher resolution:
• eddy heat transport:
• eddy kinetic energy:
• feedback of small-scale features on the large-
scale mean flow - important for oceanic jets
• vertical temperature profile
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POP-alpha

advection diffusionCoriolis pressure
gradient

e.g. centrifugal

momentum equation

extra
nonlinear term

rough velocity, 

smooth velocity,

 Sub-grid scale turbulence model: LANS-alpha model
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Developed by Darryl D. Holm (CCS-2) and colleagues in 1990s



The test problem:
Idealization of Antarctic Circumpolar Current
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Baroclinic Instability:
1.Eastward zonal wind causes northward

Ekman transport
2.Circulation tilts isotherms (lines of

constant temperature)
3.Potential energy of baroclinic instability

converted to kinetic energy.
4.Small scale turbulence (eddies)

transport heat and kinetic energy

isotherms

Thermocline depth is determined by the eddy transport quantities.



POP-alpha Results

POP-alpha statistics are like higher resolution runs with standard POP in:
 vertical temperature profiles
 eddy kinetic energy
 kinetic energy

low resolution medium resolution

Temperature Eddy kinetic energy

high res.

POP POP

POP

POP high res.

POP low res.

POP med. res.

Mark Petersen, Matthew Hecht, Darryl D. Holm, & Beth Wingate (CCS-2)
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POP-α
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POP-alpha Results

POP-alpha statistics are like higher resolution runs with standard POP in:
 vertical temperature profiles
 eddy kinetic energy
 kinetic energy

Mark Petersen, Matthew Hecht, Darryl D. Holm, & Beth Wingate (CCS-2)
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Overflow regions in the North Atlantic

Faroe Bank 

Channel

Denmark Strait

Greenland

IcelandIceland

Faroe Faroe IsIs

http://web.gfi.uib.no/forskning/nwoce/l1999-19/cm1999l19.htm

U.K.U.K.

Global
Thermohaline

circulation

Change in Atlantic
overturning circulation in
IPCC models.

Total circulation is
10 to 30 Sv
(1 Sv = 106 m3/s)



How do we study ocean overflows?

 Observations - shipboard, buoys, and autonomous floats

 Laboratory experiments

 Direct numerical simulation (DNS)

 Realistic numerical simulations



How do we study ocean overflows?
 Observations - shipboard, buoys, and autonomous floats

cross-section

Greenland

Girton and Sanford 2003, JPO



How do we study ocean overflows?
 Laboratory experiments
 Jun Chen, Philippe Odier , Mike Rivera, Bob Ecke (CNLS, MST-10)

• Velocity measurement: Particle Image Velocimetry (PIV).
• Density measurement: Planar Laser Induced Fluorescence (PLIF).

inclined platelaser
sheet

buoyant plume



How do we study ocean overflows?
 Direct numerical simulation (DNS)
      Daniel Livescu, CCS-2

Model Domain

• Fully resolve all the relevant time and length scales.
• No artificial dissipation or subgrid models.
• Highly accurate numerical methods



How do we study ocean overflows?
 Realistic numerical simulations

Käse et.al. 2003, JGR

Greenland IcelandDenmark Strait

4 km horizontal grid, dam-break initial conditions

isopycnal (density) surface
colors show thickness of overflow water



Summary

 Higher resolution can solve all of your problems.

 You can’t possibly have high enough resolution to
solve your problems.

 We have to make the best of the resolution we have:
• Mathematically based sub-grid scale parameterizations
• Always verify with observations and experiments

 We can’t possibly resolve the physics at or below the grid-scale

 We can hope to capture the effects of the sub-grid scale on the
larger scales, like:
• Global circulation and heat transport
• Location of jets (Gulf Stream)
• Properties of water masses (Temperature and Salinity)


